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iAbstract
The goals of the current thesis is to contribute towards understanding (1) the growth of 
V2AlC MAX phase thin films and (2) the influence of temperature on the thickness 
homogeneity -Al2O3 that is infiltrated into open porous cellular iron.
V-Al-C thin films were deposited on Al2O3 )0211( substrates at 500°C by DC magnetron 
sputtering using a powder metallurgical composite target with 2:1:1 MAX phase 
stoichiometry. TEM and XRD results suggest that a hexagonal Al-containing vanadium
carbide solid solution (V,Al)2Cx was formed. The films exhibited a strong basal plane 
texture. The lattice parameter of the hexagonal solid solution was dependent on the 
annealing temperature: the c lattice parameter decreased by 3.45% after annealing for 1
hour at 750°C compared to the as deposited film. Based on the comparison between 
experimental and theoretical lattice parameter data, it is reasonable to assume that this 
annealing induced change in lattice parameter is a consequence of atomic ordering.
Meanwhile, the formation of V2AlC MAX phase was observed at 650°C and phase-pure 
V2AlC was obtained at 850°C. TEM images support the notion that V2AlC forms by 
nucleation and growth. 
V-Al-C thin films were deposited from a powder metallurgical composite target by DC 
magnetron sputtering and High Power Impulse Magnetron Sputtering (HIPIMS) at 500°C 
with an average power of 250 W. The effect of pressure, distance, substrate bias 
potential as well as duty cycle of HIPIMS on the film composition was investigated. The 
results show that nano crystalline V2AlC MAX phase is formed in a (V,Al)2Cx matrix at 
500°C during HIPIMS at 3-10% duty cycle. Film composition and ion energy flux appear 
to be prerequisites for MAX formation at this temperature. 
The second part of this thesis focuses on chemical vapour deposition/infiltration and 
oxidation.
Open porous cellular iron may be used as structural material but also in filters and heat 
exchangers due to its large specific surface area, low density, and good thermal 
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conductivity. Currently, the low oxidation resistance of iron limits its use. One way to 
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 -Al2O3 coating onto the 
cellular iron surface using chemical vapour infiltration. Here, I investigate the influence of 
	-Al2O3 coating thickness homogeneity. X-ray diffraction 
results show that phase- -Al2O3 coatings grow at 950~1100°C. Homogeneous 
coating thickness is favoured at infiltration temperatures below 1000°C, which is a
prerequisite for efficient oxidation protection. In-line processing integrating annealing on 
green cellular iron sample and TiN infiltration treatment steps in one process was 
successfully carried out. The oxidation resistance before and after CVI is investigated by 
thermo gravimetrical analysis (TGA). The reaction products, surface morphologies and 
cross sections are investigated by X-ray diffraction, chemical analysis and electron 
microscopy. -Al2O3 infiltrated cellular iron samples exhibit up to 6 orders of magnitude 
lower oxidation rate at an oxidation temperature of 600°C, compared to the unprotected 
cellular iron. In addition, the infiltrated sample shows good resistance during thermal 
cycling up to this temperature.
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Abstrakt
Das Ziel dieser Arbeit ist es, zum Verständnis (1) der Wachstumsmechanismen von 
V2AlC MAX-Phasen Dünnschichten und (2) des Einflusses der Temperatur auf die 
Dicken homogenität von -Al2O3, welches in offenporiges zelluläres Eisen infiltriert wird, 
beizutragen.
V-Al-C Dünnschichten wurden auf Al2O3 )0211( Substraten bei 500°C mittels 
Gleichstrom Magnetron Sputtern abgeschieden. Dazu wurde ein pulvermetallurgisches 
Target mit V2AlC-Stöchiometrie benutzt. Transmissionselektronenmikroskopie (TEM) 
und Röntgenbeugung (XRD) deuten darauf hin, dass ein hexagonaler Al-haltiger 
Vanadiumkarbid-Mischkristall (V,Al)2Cx gebildet wurde. Die Filme zeigten eine starke 
Basalebenen-Textur. Der Gitterparameter des hexagonalen Mischkristalls war abhängig 
von der Glühtemperatur: der c-Gitterparameter sank um 3,45% nach Glühen für 1 
Stunde bei 750°C. Basierend auf dem Vergleich zwischen experimentellen und 
theoretischen Gitterparametern, ist es vernünftig anzunehmen, dass diese durch Glühen 
induzierte Änderung des Gitterparameters eine Folge der atomaren Ordnung ist. Die 
Bildung von V2AlC MAX-Phase wurde bei 650°C beobachtet und reines V2AlC wurde 
bei 850°C erhalten. TEM-Bilder bekräftigen, dass V2AlC durch Keimbildung und -
wachstum gebildet wurde.
Darüber hinaus wurden V-Al-C Dünnschichten von einem pulvermetallurgischen Target 
mittels High Power Impulse Magnetron Sputtern (HIPIMS) und Gleichstrom Magnetron 
Sputtern bei 500°C abgeschieden. Die zeitlich gemittelte Leistung wurde in beiden 
Fällen bei 250 W konstant gehalten. Der Einfluss von Druck, Abstand und Substrat-
Potential auf die Zusammensetzung des Films wurde untersucht. Nanokristalline V2AlC 
MAX-Phase wurde bei 500°C Substrattemperatur als Minderheit in einer (V,Al)2Cx
Matrix beobachtet, wenn HIPIMS mit 3-10% Einschaltdauer benutzt wurde. Die 
Zusammensetzung und der Ionenenergiefluss scheinen Voraussetzung für die MAX-
Phasen-Bildung bei dieser Temperatur zu sein.
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Der Schwerpunkt des zweiten Teils dieser Arbeit liegt auf chemischer 
Gasphasenabscheidung, -infiltration und Oxidation.
Offenporiges zelluläres Eisen kann als Baumaterial verwendet werden, allerdings auch 
als Filter und Wärmetauscher aufgrund seiner großen spezifischen Oberfläche, geringen 
Dichte und guten Wärmeleitfähigkeit. Derzeit beschränkt die geringe 
Oxidationsbeständigkeit von Eisen seine Verwendung. Ein Weg, um die 
Oxidationsbeständigkeit zu verbessern, ist, eine schützende -Al2O3 Beschichtung auf 
der zellulären Eisenoberfläche mittels chemischer Gasphaseninfiltration aufzubringen. 
Hier wird der Einfluss von Beschichtungstemperatur auf die Homogenität der -Al2O3
Beschichtungsdicke untersucht. Das Ergebnis von der Röntgenbeugung zeigt, dass 
reine -Al2O3 Beschichtungen bei 950-1100°C wachsen. Eine homogene Schichtdicke 
wird bei Infiltrationstemperatur unterhalb von 1000°C begünstigt, was eine 
Voraussetzung für einen effizienten Schutz vor Oxidation ist. In-line Prozessführung 
wurde erfolgreich durchgeführt, so dass das Glühen eines zellulären Eisengrünkörpers 
und TiN Infiltration in einen Prozess integriert wurde.
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I. Growth of V2AlC MAX phase thin films
1. Introduction to MAX phases
Since last decade, a group of materials, Mn+1AXn phases, where M represents an early 
transitional metal (Sc, Ti, V, Cr, Zr, Nb, Mo, Hf and Ta), A is an A group element (Al, Si, 
P, S, Ga, As, In, Sn, Tl and Pb), X is either C or N and n ranges from 1 to 3 [1], 
abbreviated as MAX phases, have been widely studied due to their unique combined 
properties of both ceramics and metals. Depending on the selection of the chemical 
elements and the value of n, approximately 60 MAX phases have already been 
synthesized [2]. 
MAX phases exhibit nanolaminate hexagonal structure of strongly bonded M-X layers 
interleaved with weakly bonded M-A layers, represented by space group P63/mmc 
(No.194). The schematic Ti2SiC, Ti3SiC2, and Ti4SiC3 unit cells, representing unit cells 
of 211, 312, and 413 MAX phases are shown in Fig. 1.1-1. The differences between 
211, 312, and 413 MAX phases are the number of M layers separating the A layers, e.g. 
2, 3 and 4, respectively.
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Figure 1.1-1. Unit cells of 211, 312 and 413 MAX phases [3,4].
Merited by nanolaminate structure, MAX phases possess both ceramic and metallic 
characteristics, such as electrical resistivity of Ti2AlC, Cr2AlC and V2AlC ranging 0.5-
1.5×10-7 ·m at 0 K, similar to metals from (0.2-11)×10-7 ·m, thermal conductivity of 
30, 20 and 50 W/Km at 300 K, respectively [5-8,9] and high elastic moduli and 
machinability [10-13]. The electrical conductivity of some MAX phases shows 
anisotropic behaviour, e.g. a higher electrical conductivity along the basal planes than 
normal to basal planes [14,15]. Recently, Ti3SiC2 MAX phases have been employed by 
IMPACT COATINGS AB (Sweden) (www.impactcoatings.se) to replace gold as 
electrode materials due to its good electrical conductivity. The coefficient of thermal 
expansion of MAX phases varies from 7.2×10-6 to 13.3×10-6 K-1 [16], showing small 
difference with steel (17.82×10-6 K-1). Therefore, an investigation of large area 
depositions of Cr2AlC on steel [17] were carried out, which will be the key for an 
industrial application of MAX phases. 
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Interestingly, some MAX phases, e.g. Cr2AlC and Ti2AlC, are oxidation resistant [18-21], 
due to the formation of a protective layer composed of the oxides of A [22] and/or M 
element [23]. During oxidation of Cr2AlC up to 1250°C [24], a dense continuous -Al2O3
scale is formed on Cr carbides, protecting the inner material. Oxidation of Cr2AlC has 
been reported to exhibit similar activation energy as NiAl [25]. Due to the excellent 
oxidation resistance, Cr2AlC MAX phase is considered as potential material for energy 
conversion applications [8]. Cr2AlC coatings were applied as interlayer between NiAlCrx
alloys and sapphire fibers to avoid chemical reactions at the interface as well as to 
decrease thermal stress due to largely different thermal expansion coefficients of NiAl 
and sapphire [26]. Self-healing by oxidation of Ti-Al-C MAX phases has been reported 
[27] and is generating significant interest [27-29]. Ab initio description of the oxide/MAX 
phase interface - the healed interface - has recently been communicated [30]. These
results motivate further investigations of MAX phases as potential candidates for high 
temperature applications.
The bonding character of V2AlC (space group P63/mmc), the MAX phase investigated 
here, may be described as a mixture of covalent-ionic and, due to the d resonance in the 
vicinity of the Fermi level, metallic [22]. The lattice parameters of V2AlC are a=2.91 Å
and c=13.10 Å [31,23] and the density is 4.87 g/cm3 [23]. Furthermore, bulk moduli were 
reported in the range of 152-215 GPa [31,4,25], while the heat conductivity was 
measured to be of 45 W/mK [4]. No significant stability difference between the 
spinpolarized and non-spin-polarized configurations of V2AlC were reported in [22]. 
V2AlC has lower oxidation resistance compared to Cr2AlC and Ti2AlC. During oxidation, 
VO2 and V2O5 form at 500°C and 600°C, respectively, as the outer oxide scale, while 
the inner oxide scale consists of V, Al, and O in varying ratios [32]. Due to low 
vaporization pressure of VO2, V2AlC has been shown to be protective only up to 24 
hours at 500°C [32]. Hence, V2AlC has only limited applicability at high temperatures in 
O2-rich atmosphere. Nevertheless, it has good thermal stability up to 1400°C in 
protective atmospheres [32,33].
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1.1. Synthesis 
MAX phase materials are synthesized as bulk, powder and thin films. 
During bulk material synthesis, such as reactive hot-isostatic pressing (HIP) and reactive 
hot pressing (HP), elemental powders are homogeneously mixed and react with each 
other under a certain pressure at high temperatures. Bulk V2AlC can be fabricated by 
HIP [32] and HP [33] at Ӌ1000°C using V, Al and C elemental powders as starting 
materials. During heating, Al reacts with V forming Al3V and Al8V5 at temperatures 
ӊ700°C [33]. Upon increasing the temperature further the amount of Al8V5 increased by 
a reaction between Al3V and V [33]. V2AlC was detected at 1000°C and VC was found 
at 1200°C. The amount of these two phases increases at the expense of C and Al8V5.
V2AlC was obtained as the dominant phase at 1400°C with VC and V4AlC3 present as 
impurity phases [33]. Bulk diffusion is responsible for the MAX phase formation. Single 
crystal V2AlC, V4AlC3-x (xҮ0.31), and V12Al3C8 MAX phases are synthesized from 
sintering of V, Al and C powders with atomic ratio of 2:10:1 at 1500°C in Ar [34]. 
Abdulkadhim [35,36] measured the activation energy required for the formation of MAX 
phases from X-ray amorphous or nanocrystalline (M,Al)2Cx (M=Cr or V) powders. This 
material was obtained from sputtering on not intentionally heated NaCl substrates. The 
MAX phase formation was observed at 610°C [35] and 590°C [36] for Cr2AlC and 
V2AlC, respectively. 
The first MAX phase thin film, Ti3SiC2, was synthesized by chemical vapour deposition 
(CVD) [37]. Today physical vapour deposition (PVD), e.g. magnetron sputtering, 
cathodic arc deposition [38] and pulsed laser deposition [39] is often employed. Also 
thermal spraying [40] was utilized to deposit coating containing 15-19% volume 
percentage of Ti3SiC2 MAX phase. The balance of 100% is given by Ti5Si3-
	-Ti. 
It is worth noting that processing during bulk synthesis, e.g. HIP or HP, is generally 
closer to thermodynamic equilibrium than vapour phase condensation. During thin film 
deposition kinetically limited processes may cause the formation of metastable phases, 
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while substrate heating and/or energetic particle bombardment may reduce kinetic 
constraints [41], and thereby significantly influence the structure evolution [42]. A more 
detailed discussion of magnetron sputtering can be found in Chapter 2.1.
Using direct current (DC) magnetron sputtering using a MAX phase target [26] and 
elemental V, Al and C targets [44,45], V2AlC MAX phase was obtained at substantially 
lower formation temperatures as compared to bulk synthesis. Based on the work of 
Sigumonrong, et al [45], the formation of Al3V and Al8V5 intermetallic phases was 
observed at 550°C, while at 650°C the formation of V2AlC and V2C was reported [45]. 
During bulk processing, the formation of V2AlC was reported at 1000°C in the presence 
of Al8V5 and C while at 1200°C the amount of V2AlC increased, VC appeared and the 
Al8V5 and C phase fractions decreased [33]. The synthesis of Ti3SiC2 MAX phase thin 
films has been studied by high power impulse magnetron sputtering (HIPIMS) [46]. 
Despite the enhanced energetic ionic bombardment by HIPIMS, the formation of Ti3SiC2
was not observed. The authors argued that this was due to insufficient energy and 
momentum transfer from the bombarding ions to the growing film surface under the 
apparent kinetic limitations [16]. 
1.2. Goal
The goal of the current thesis is to contribute towards understanding the growth of 
V2AlC MAX phase thin films using magnetron sputtering. 
Magnetron sputtering permits the synthesis of phase pure transition phases to study the 
phase formation of MAX phases, not in a phase mixture as during bulk processing, but 
in a controlled annealing experiment with a phase pure (V,Al)2Cx and hence, well 
defined starting material. Chapter 3.1 focuses on V-Al--Al2O3
)0211( wafers by DC magnetron sputtering using a powder metallurgical composite 
target with 211 MAX phase stoichiometry composition in an industrial deposition 
chamber. Post annealing was carried out in Ar for 1 hour at temperatures ranging from 
550°C to 850°C. In Chapter 3.2, the formation of V2AlC MAX phase by HIPIMS at 500°C 
with a time averaged power of 250 W is reported. The effect of pressure, distance, 
- 6 -
substrate bias potential as well as duty cycle of HIPIMS on the film composition and 
structure evolution was investigated.
- 7 -
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2. Theory and experiment
2.1. Thin film synthesis by magnetron sputtering
2.1.1. Direct current magnetron sputtering
Sputtering takes place when energetic ions, e.g. Ar+, or atoms collide with target atoms 
that are subsequently vaporized [1]. Ar+ ions are accelerated by a negative target 
potential. Ar+ may be neutralized and reflected from the target surface or implanted into 
the target. Through energy exchange between Ar+ and target atoms, the target atoms 
are displaced from their normal lattice sites and some of them are sputtered from the 
target surface, shown in Fig. 2.1-1. In addition, electrons are emitted from the target 
surface. These so called secondary electrons undergo ionizing collisions with Ar atoms 
and hence stabilize the plasma. The sputtered target atoms are transported to the 
substrate and condense contributing to film growth. 
Figure 2.1-1 Schematic sputtering process in a target [1].
Three elemental targets [2], compound [3] and powder metallurgical composite target [4] 
have been used for MAX phase synthesis. Utilization of elemental targets restricts the 
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area size on the substrate on which thin films with desired stoichiometric composition 
can be deposited. Compound targets with uniform target constituent concentrations over 
the whole target allow for depositions on larger areas with homogeneous film 
compositions compared to elemental targets. However, high temperatures for MAX 
phase synthesis are not favourable for production of MAX phase targets. A compromise 
solution would be the employment of powder metallurgical composite targets with MAX 
phase composition. 
In the first part of work, the depositions of V-Al-C thin films were carried out by using DC 
magnetron sputtering in an industrial deposition chamber (CemeCon CC800/8), shown 
in Fig. 2.1-2. A hot-sintered powder metallurgical composite target was used here with a 
size of 500x88x10 mm3 (provided by Plansee Composite Materials GmbH) and a V2AlC 
MAX phase stoichiometry of V:Al:C=2:1:1. V and VC powders were used for the target 
production at 350°C. One-   
	 -Al2O3 )0211( wafers 
(10x10x0.53 mm3) were used as substrates, which were ultrasonically cleaned in 
methanol and acetone prior to deposition. The substrate orientation was chosen based 
on previous work showing local epitaxy between deposited V2AlC and Al2O3 )0211( [2].
Fixed on stainless steel plates with a distance of 40 mm facing the sputter target, more 
than 40 wafers can be deposited in one processing batch. The base pressure was 
4 mPa. Sputtering was carried out in Ar at 338 mPa with a target power density of 
9 W/cm2, resulting in a deposition rate of approximately 3.8 nm/s. During deposition, the 
substrate temperature was controlled to be approximately 500°C, shown in Fig. 2.1-3.
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Figure 2.1-2 Deposition set up of DC magnetron sputtering in an industrial deposition chamber CC800/8.
Figure 2.1-3 Temperature calibration on Al2O3 )0211( substrate during heating, sputtering and cooling in 
CC800 chamber.
In order to assess the thermal stability of the V-Al-C thin films isothermal annealing 
experiments in one atmosphere of Ar (purity 99.999%), at temperatures of 550°C, 
650°C, 750°C, and 850°C measured at the back side of the substrate were carried out 
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for one hour. The heating and cooling rates were 400°C/h. The temperature calibration 
of 550°C and 850°C along the measurement position in the annealing furnace is 
exhibited in Fig. 2.1-4.
Figure 2.1-4 Temperature calibration in the annealing furnace.
2.1.2. High power impulse magnetron sputtering
High power impulse magnetron sputtering (HIPIMS) was introduced in 1999 [5]. High 
power densities (usually <3 kW/cm2) are applied to the target within short pulses. In this 
way, large fractions of the sputtered atoms can be ionized [6]. A schematic of an electric 
circuit of a HIPIMS powder supply is shown in Fig. 2.1-5. It consists of a capacitor Cs
charged by a DC unit. The capacitor is discharged into the plasma through a conductor 
L. 
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Figure 2.1-5 Electric circle for a pulse generator used in a HIPIMS power supply [7].
An example of peak voltage and current loaded on the target during pulse-on time is 
shown in Fig. 2.1-6. The U-I characteristics of magnetron discharges can be described 
by a power law I=kUn [8], shown in Fig. 2.1-7. In conventional DC magnetron sputtering, 
the exponent n varies within the range of 5-15 [1]. Recently, nӊ1 has been reported for 
HIPIMS plasmas. 
Figure 2.1-6 An example of target voltage and current during pulse-on time. The target has a diameter of 
90 mm resulting in a peak power density of 180 W/cm2.
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Figure 2.1-7 U-I characteristics of pulsed discharge [8].
HIPIMS plasma are well known for their high ionization fraction of the sputtered species, 
for example 70% of Cu atoms are ionized by HIPIMS [6]. Film structure, texture, and 
hence, film mechanical properties can be controlled by ion energy by utilizing a negative 
substrate bias potential [9,10]. For example, a significantly improved trench-filling ability 
by HIPIMS was reported to be due to ion bombardment induced adatom mobility [5]. It is 
envisioned that this enhanced surface mobility of adatoms can contribute towards 
lowering the synthesis temperature during MAX phase growth by HIPIMS even further.
In the second part of work, the deposition of V2AlC thin films were carried out by HIPIMS 
at 500°C with a time averaged power of 250 W. DC magnetron sputtering was carried 
out in the same deposition chamber at the same temperature and power for comparison. 
The effect of pressure, distance, substrate bias potential as well as duty cycle of HIPIMS 
on the film composition and structure evolution was investigated.
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The deposition experiment was carried out in a DN100CF six-cross, schematically 
shown in Fig. 2.1-8. The chamber was evacuated by rotary and turbomolecular pumps 
to a base pressure below 1.0×10-6 mbar. A powder metallurgical composite target with 
V2AlC composition manufactured by Plansee Composite Materials GmbH was sputtered 
in Ar (purity 99.999%). Thin films were deposited onto Al2O3 )0211( and Si(100) 
substrates. A MELEC SPIK 1000 A pulsing unit fed by an ALD DC generator was 
utilized. Atime average power of 250 W was employed for both DC sputtering and 
HIPIMS. The composition of the films deposited by DC magnetron sputtering on Si 
substrates without substrate heating was investigated as a function of the Ar pressure 
from 0.2 Pa to 4 Pa and at target-substrate distances of 47, 67, and 87 mm. 
Furthermore, depositions of thin films on Al2O3 )0211( by both DC sputtering and 
HIPIMS were carried out at 500°C with a pressure (p) of 4 Pa and target-substrate 
distance (d) of 87 mm, corresponding to a pressure distance product !" of 
348 Pa mm. During HIPIMS, the pulse period was kept constant at 500 μs, while the 
pulse-on time was varied from 7 μs up to 100 μs, corresponding to a duty cycle from 
1.4% to 20%. Moreover, the effect of the substrate bias potential on the film composition 
was investigated in the range of 110 V to grounded, while maintaining the pulse-on time 
constant at 25 μs. The target potential and current were measured by voltage (GE 8155, 
ELDITEST) and current (TCP 303, Tektronix) probes, respectively, and recorded by an 
oscilloscope (TDS 2014 B, Tektronix).
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Figure 2.1-8 Experimental set up of HIPIMS and DC magnetron sputtering in a DN100CF six-cross.
2.2. Thin film and plasma characterization methods
2.2.1. X-ray diffraction
The phase identification of thin films is investigated by X-ray diffraction (XRD). X-ray 
diffraction is based on the interaction of monochromic X-rays with a crystal. When a 
crystal is incident by X-ray of a fixed wavelength at a certain angle, intense reflected X-
rays are produced when the wavelengths of the scattered X-rays interference 
constructively. To generate constructive interference, the differences in the travel path of 
X-rays must be equal to the integer multiples of the wave length. This phenomenon is 
described by Bragg’s law [11], shown in Equation 2.2-1 and Fig. 2.2-1.
sind2n                                                                                                             (2.2-1)
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where, n is an integer number,  is the wavelength of X-ray, d is the crystal plane 
distance (lattice spacing), and  is the incident angle of the X-ray.
Figure 2.2-1 Bragg’s law.
The texture of thin films can be described by pole figures using the Schulz reflection 
method [12], shown in Fig. 2.2-2. At various rotation and tilting angles, X-ray diffraction 
is performed. A thin film sample is assumed as very flat, thus the detected volume of the 
crystal is considered to be constant when the sample rotates and tilts with small angles. 
The final pole figure is constructed by integration of all diffraction patterns. Using this 
method, the preferred orientations of the thin film can be described with pole figures.
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Figure 2.2-2 Texture analysis of thin films is studied by Schulz reflection method.
For the first part of work (DC deposition with post annealing), see Chapter 3.1, after 
deposition and subsequent to each annealing experiment, phase analysis by X-ray 
diffraction (XRD) was performed. A Bruker AXS D8 Discover General Area Detector 
Diffraction System (GADDS) in a grazing incidence configuration was employed using 
Cu # 		$ 	 	 
  	 '* kV and 40 mA, respectively. 
The substrate tilting angles were varied for XRD measurement and the incidence angle 
was ch	;*>
 	 	;?		 		

planes. Pole figures were mapped by using the Schulz reflection method [12]. During 
pole figure measurement, the sample is rotated 360° with a rotation speed of 2°/step. 
For the second part of work (HIPIMS and DC deposition), X-ray diffraction (XRD) with a 
SIEMENS D5000 diffractometer in Bragg-Brentano configuration using Cu #		
was performed to characterize the film structure. The generator voltage and current 
were set to 40 kV and 40 mA, respectively.
- 21 -
2.2.2. Scanning Electron Microscopy and Field Emission Scanning Electron 
Microscopy 
In conventional scanning electron microscopy (SEM), tungsten (W) or lanthanum 
hexaboride (LaB6) filaments are generally used as cathode thermionic source for 
producing electron beams. When heated to high temperatures, electrons are emitted 
from the filament and focused by a lens system. The emitted electrons are subsequently 
accelerated with a voltage of 0.5-30 kV towards substrates. During their interactions with 
the substrate materials, secondary electrons, backscattered electrons and X-rays are 
generated. These signals are selectively detected and recorded. Among them, 
secondary electrons from the substrate materials are used for mapping substrate 
surface topography. Replaced by field electron emission source, whereby cathode 
electrons are emitted by an electrostatic field, Field Emission Scanning Electron 
Microscopy (FESEM) with a smaller diameter of an electron beam can be used to 
generate clearer images with better spatial resolutions and less electrostatic distortions.
In the second part of work, FESEM using a JAMP-9500 F was employed to reveal the 
film cross-sectional morphology. The operating voltage was set as 10.0 kV.
2.2.3. Energy-dispersive X-ray, wavelength dispersive X-ray spectroscopy, 
and backscattered electrons 
The chemical composition of a specimen can be analysed by energy dispersive X-ray 
spectroscopy (EDX) as well as by wavelength dispersive X-ray spectroscopy (WDX). 
When an electron beam with an energy in the keV range interacts with the sample, 
characteristic X-rays are generated. EDX produces a broad spectrum of wavelength or 
energies simultaneously. WDX works in a pretty much same way as EDX, except it 
detects and counts only the impinging X-ray with a desired wavelength. Compared with 
EDX, WDX has a higher energy resolution, typically an order of magnitude better, and a 
lower background noise. Backscattered electrons (BSE) are energetic electrons of the 
electron beam, which are elastically scattered from the specimen. BSE are used for 
elemental mapping at the specimen surface. With larger atomic number, the intensity of 
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the back scattered electrons is increased. Therefore, a bright (dark) BSE image 
represents the presence of heavy (light) elements.    
In the first part of work (DC with post annealing), EDX with an EDAX Genesis 2000 
detector attached to a scanning electron microscope JEOL JSM-6480 was employed to 
quantify the film composition. The electron beam penetration depth was approximately 
1 @$\^-Al-C sample, quantified with WDX, was used as a standard reference for EDX 
measurement. BSE was performed on target surface to study the elemental 
distributions. FESEM using a JAMP-9500 F was applied to reveal the cross-sectional 
morphology.
In second part of work (HIPIMS and DC), the film composition was quantified by EDX 
with an EDAX Genesis 2000 detector attached to a JEOL JSM-6480 scanning electron 
microscope. The acceleration voltage was 12 kV. The oxygen concentration of the films 
could due to the overlap between the V and O signals not be determined. However, the 
incorporation of oxygen during high vacuum thin film growth caused by the presence of 
oxygen containing residual gases may result in the incorporation on the level of some at-
% [13] A sample characterized by wave length dispersive X-ray spectroscopy (WDX) 
served as a standard.
2.2.4. Transmission electron microscopy
Transmission electron microscopy (TEM) is used to investigate the structure, 
crystallography, and composition of the specified positions of the sample. It utilizes the 
interaction of highly energetic electrons (200-300 keV) during their transmission through 
an electron transparent specimen, typically with a thickness of ӊ100 nm [14]. When 
electrons pass through the thin film, some areas let the electrons transmitted through 
and other absorb the electrons. The transmitted electrons hit the lens on the other side 
of the thin film and the image is projected and magnified on the screen. TEM allows for 
imaging the specimen with a resolution of 0.2 nm.
In the first part of work, Cross-sectional TEM samples of the as-deposited film and the 
sample annealed at 650C were prepared using a focused ion beam (FIB) workstation 
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FEI Strata FIB 205. All the TEM investigations presented in this paper were performed 
on a 200 kV field emission gun TEM FEI Tecnai F20 ST equipped with energy 
dispersive X-ray (EDX) analysis, an energy filter GATAN GIF 2000 and a Fishione 
HAADF-Detector. The phase analysis from selected area electron diffraction (SAED) 
patterns was done using Difftools [15] and JEMS softwares [16]. 
2.2.5. Ab initio calculation
In the first part of work, for the calculation of total energy and energy of formation of the 
phases proposed here, density functional theory (DFT) [17] was used as implemented in 
the Vienna ab initio simulation package (VASP). The following parameters were used: 
Generalized-gradient approximation based projector augmented wave potentials [18], 
reciprocal-space integration with a Monkhorst-Pack scheme [19], the tetrahedron 
method with Blöchl-corrections for the total energy [20], 0.01 meV electronic relaxation 
convergence and energy cutoff of 500 eV. The k-points grid was tested for convergence 
and a grid of 5×5×3 was chosen. All structures were relaxed with respect to the atomic 
positions, lattice parameter a and hexagonal aspect ratio c/a. The unit cells were 
constructed using special quasirandom structures (SQS) [21] as described later in detail. 
For this, the Warren-Cowley short-range order parameter [22] within three coordination 
shells was used in order to account for randomness in the non-metal sublattice as 
implemented in the locally self-consistent Green’s function software package [23,24].
The energy of formation Ef was calculated by the following formula:
 
	 iitot
i
f EnEn
1E
                                                                                        
(2.2-2)
where Etot is the total energy of the compound, ni is the number of atoms of species in 
the compound, and Ei is the energy of the species in its reference state. Bcc-V, fcc-Al 
and diamond were used as references for V, Al and C, respectively. 
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2.2.6. Plasma chemistry by mass-energy analyzer
Plasma chemistry was investigated by mass-energy analyzer (MEA) (PPM 422, Pfeiffer 
Vacuum). It consists of an extraction hood orifice with an ion source, an energy filter, a 
quadrupole mass spectrometer, a secondary electron multiplier and a pumping stage. A 
schematic representation of the MEA employed here is shown in Fig. 2.2-3. 
Figure 2.2-3 Schematic structure of the mass-energy analyzer, used for plasma chemistry diagnostics 
[25].
A combination of a membrane and a turbomolecular pump is employed for evacuating 
the MEA. During operation, the pressure in the MEA is kept below 10-6 mbar, 
corresponding to a mean free path of 310 m, insuring negligible interactions of the 
detected species on their way towards the detector. Positive and negative ions as well 
as neutrals enter the analyzer through the orifice with a size of 100 @$ e positive 
ions are attracted by the sheath potential in the extraction hood vicinity. The neutrals to 
be analyzed are ionized in the ion source, which is located behind the orifice. Before the 
analysis, a potential of up to +150 V can be applied on the ion source to prevent fast 
moving ions from entering the energy filter and being detected. 
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An electrostatic energy filter, which utilizes the effect of electrostatic field on the path 
radius of a charged ion, is employed for energy analysis. In an electrostatic field, the 
path radius curvature Re of an electrically charged particle is determined by its charge, 
its kinetic energy U [eV], and the local field strength E [V/m]. Thus, for a given 
electrostatic field and a fixed path route, the energies of charged particles are selected. 
For singly charged ion, the following equation is valid:
E/U2Re                                                                                                             (2.2-3)
Only those particles with a defined kinetic energy can escape the electric field and pass 
through an energy filter. 
A quadrupole mass filter is installed behind the energy filter consisting of four parallel 
rods. A superposition of a direct current (DC) and radio frequency (RF) voltages is
applied between each diagonal pair of rods. Only the ions of a certain mass to charge 
ratio can pass through the mass filter and arrive at the detector. The other ions with 
unstable trajectories will collide with the rods and will be filtered out. 
Secondary electron multiplier (SEM) is employed to amplify the signal. The ions, which 
leave the mass filter, are deflected 90° and hit the surface of an electrode. Secondary 
electrons are generated from the electrode surface, which are accelerated to next 
electrode and results in further emission of secondary electrodes. The signal is 
multiplied in this way. Another benefit of SEM is to filter out neutrals and photons from 
the plasma and minimize the signal-to-noise ratio.
Plasma chemistry and energetics in the second part of work were investigated by MEA 
(PPM 422, Pfeiffer Vacuum) consisting of a quadrupole mass spectrometer with an 
attached energy filter. The orifice with a diameter of 100 @	
		_` mm from 
the target center due to dimensional restrictions of the deposition system. The presence 
of positive ions was investigated within a mass-to-charge ratio range of 0-150 amu/e.
Furthermore, the time-averaged signal of ion energy distribution function (IEDF) of each 
detected ion was performed from -10 to 500 eV/e. 
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3. Results and discussion
3.1. Growth and thermal stability of (V,Al)2Cx thin films 
3.1.1. Powder metallurgical composite target
The diffractogram of the target material is shown in Fig. 3.1-1. Result shows that it is 
challenging to identify the constitution due to multiple peak overlaps of several potential 
phases.
Figure 3.1-1 X-ray diffraction pattern of V-Al-C powder metallurgical composite target.
BSE imaging is applied to detect changes in density of the target surface as shown in 
Fig. 3.1-2. In combination with EDX three different regions could be identified: 1. A V-
rich region (V: 93 at-%, Al: 0.29 at-%, and C: 4.45 at-%), an Al-rich region (V: 0.94 at-%, 
Al: 85.42 at-%, and C: 13.64 at-%), and a region comprised of V-Al-C (V: 18.82 at-%, 
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55.62 at-%, and C: 25.55 at-%) regions. The metal-rich regions appear to be soft, as 
grinding grooves are observed. The V-Al-C regions (dark regions in Fig. 3.1-2) appear 
underdense. Considering the low processing temperature of the target at approximately 
350°C, insignificant reaction or diffusion between the initial metallurgical powders may 
occur. Therefore, the diffraction patterns of the target are probably the initial constitute 
materials VCx, Al and C. In addition, nano crystalline and/or amorphous intermetallic 
phases may be present indicated by XRD peak at 70.6°, which may be Al3V, AlV3
and/or Al8V5.
Figure 3.1-2 Back scattered electron image of the V-Al-C powder metallurgical composite target surface.
3.1.2. As deposited V-Al-C thin films 
The chemical composition of the as deposited films measured by EDX is V1.8AlC, close 
to the sputter target composition. The diffractograms of the as deposited film obtained 
with the incidence angle of 20° are shown in Fig. 3.1-3. A single peak at 39.39° is 
			-V2C(0002). By tilting the sample 60°, another peak at 41.22° 
(Fig. 3.1-'"	-V2C )1110( . As no other diffraction signals are observed, the 
as deposited film appears to {-V2C crystal structure. The structure is based on a 
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hexagonal closest-packed metal lattice, with C atoms randomly on octahedral interstitial 
sites [1]. The formation of a solid solution with aluminum replacing vanadium and 
	
	{

	 -V2C structure, namely (V,Al)2Cx, has been reported 
before [2]. The lattice parameters derived from XRD are c=4.54 Å and a=2.89 Å. It is 

	-V2C belongs to the same space group (P63/mmc) as V2AlC. 
Figure 3.1-3 X-ray diffraction patterns of the as deposited film and the annealed films.
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Figure 3.1-4 X-ray diffraction patterns of the as deposited film using sample tilting.
The orientation relationship between the as deposited film and the substrate is 
characterized by pole figures. The (V,Al)2Cx(0002) pole figure (Fig. 3.1-5(a)) reveals a 
basal plane orientation parallel to Al2O3 )0211( substrate surface. (V,Al)2Cx )1110( pole 
figure (Fig. 3.1-5(b)) illustrates six-			|"$
	}"{ )1110( and (0002) plane is 60°. The rotation and tilting of the grains 
are within approximately ±5°, indicating a slight misorientation of the films <000l> axis 
with the substrate surface normal as well as a misorientation between the adjacent film 
grains. The here obtained (V,Al)2Cx(0002) and )1110( pole figures match well with the 
simulated one (Fig. 3.1-5(c)). By mapping the pole figures of the substrate and the film 
simultaneously, the in-plane orientation relationship is determined to be 
(V,Al)2Cx(0002)//Al2O3 )0211( and (V,Al)2Cx ]2011[ //Al2O3 ]1001[ .
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                (0002)                                 )0110(
(a)                                 (b)                                   (c)
Figure 3.1-5 Measured pole figures of the as deposited film on hexagonal (V,Al)2Cx(0002) plane (a), 
)1110( plane (b), and simulated pole figure (c).
The cross sectional TEM micrograph of the as deposited film is shown in Fig. 3.1-6(a), 
indicating the development of a columnar growth structure after initial deposition of a 
uniform interface layer with a thickness of 30-50 nm. The column width is in the range of 
30-50 nm. The composite SAED pattern (Fig. 3.1-1(b)) taken from the marked region in 
Fig. 3.1-6(a) confirms the orientation relation between (V,Al)2Cx and Al2O3:
(V,Al)2Cx(0002)//Al2O3 )0211( , (V,Al)2Cx ]2011[ //Al2O3 ]1001[ . The arced reflection 
streaks in the SAED patterns in Fig. 3.1-6(b) are typically observed in highly textured 
films, indicating that the orientation of the texture axis <000l> and the interface to the 
substrate are not exactly perpendicular and show some transversal variation [1]. From 
the combination of XRD and TEM data, it is clear that the as deposited film is growing 
highly textured on Al2O3 )0211( . High Resolution TEM (HRTEM) combined with Fast 
Fourier Transformation (FFT) (Fig. 3.1-7) provides evidence for local epitaxial film 
growth. However, limited by the small size of the epitaxial region, it is impossible to 
index the orientation relationship at the interface. It is reasonable to assume that the 
basal plane (000l) texture evolves due to surface energy minimization during growth [3], 
indicating sufficient mobility at these growth conditions to overcome kinetically limited 
growth.
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Figure 3.1-6 Cross section image (a) and SAED patterns (b) of the as deposited film and the Al2O3
substrate. The inserted is the enlarged region of the enclosed diffraction pattern indicating 
(V,Al)2Cx(0002)//Al2O3 )0211( .
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Figure 3.1-7 High resolution TEM (a) with FFT patterns of (V,Al)2Cx (b) and substrate Al2O3 (c) detected 
at the interface.
EFTEM elemental mapping as well as STEM-HAADF data indicates that Al is 

	-V2C lattice as no segregation at the grain boundaries is evident. 
Considering that the atomic radii of Al and V differ by 6.9% as compared to a size 
difference of 85.5% between Al and C, it is reasonable to assume that Al is populating V 
lattice sites forming a solid solution. Ab initio calculations were performed to compare 
this solid solution proposal with the experimentally obtained lattice parameters. A 2×2×6 
hexagonal closest-packed supercell was constructed containing 32 V and 16 Al atoms 
which were distributed randomly using SQS [4]. On the 48 interstitial sites, which form a 
simple hexagonal sublattice, 16 C atoms were distributed randomly by considering SQS 
cells containing C and vacancies. As there are C-C repulsive interactions if two C atoms 
are located in interstitial positions adjacent to each other along the c-axis [5], ad hoc 
rearrangements on the non-metal sublattice was performed in order to avoid this. The 
obtained lattice parameters a and c are 2.848 Å and 4.606 Å, respectively. This is in 
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good agreement with the measured lattice parameters showing only a -1.5% deviation in 
a and +1.4% in c, respectively. The energy of formation Ef(V,Al)2Cx is -0.180 eV/atom 
indicating that the formation of (V,Al)2Cx is energetically favourable assuming V, Al and 
C as reactants. In the following text, the as deposited film will be denoted as hexagonal 
(V,Al)2Cx. For comparison, a 2×2×2 supercell of V2AlC containing the same number of
atoms as in solid solution (V,Al)2Cx was also calculated and an energy of formation 
EfMAX of -0.498 eV/atom was obtained, resulting in a driving force for V2AlC formation 
from (V,Al)2Cx of 30.6 kJ/mol. 
The presence of the transition reaction products V2C and cubic (Ti,Al)C solid solution 
were also reported in the synthesis of V2AlC [6,2], V2GeC [7] and Ti2AlC [8] MAX 
phases, respectively. The formation of the solid solution is attributed to kinetic limitations 
active during low temperature growth [8]. 
3.1.3. Annealing                            
To evaluate the thermal stability of the as deposited (V,Al)2Cx, samples were annealed 
in Ar in the temperature range of 550-850°C. The chemical composition of the annealed 
films is with V1.8AlC, identical to the as deposited film. The microstructure evolution of 
the as-deposited (V,Al)2Cx and the films annealed between 550 and 850°C are shown in 
the FESEM micrographs in Figs. 3.1-8(a-e). The pronounced columnar structure of the 
as deposited film (Fig. 3.1-8(a)) disappears upon annealing, as can be seen in Fig. 3.1-
8(b) and (c). Meanwhile, a layered morphology was observed for the film annealed at 
750°C as shown in Fig. 3.1-8(d). The thickness of the layers is increased as the 
annealing temperature is increased. The inserts in Fig. 3.1-8 show X-ray diffraction ring 
segments of the corresponding samples, the integrated intensities are shown in Fig. 3.1-
3. It can be learned that as the temperature is increased, the basal plane texture of 
(V,Al)2Cx is maintained during annealing. The (V,Al)2Cx(0002) peak shifts towards 
 ;? 	$ 
  ^2AlC phase forms at Ӌ650°C, and phase-pure 
V2AlC is obtained by annealing for 1 hour at 850°C. Therefore, the layered morphology 
could be related to the formation of V2AlC. The amount of V2AlC increases at the 
expense of (V,Al)2Cx.
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Figure 3.1-8 Morphologies at cleaved cross sections of the as deposited (a), and annealed films at 550°C 
(b), 650°C (c), 750°C (d) and 850°C (e). The inserts show X-ray diffraction ring segments of the 
corresponding samples, the integrated intensities are shown in Fig. 3.1-3.
The annealing temperature induced changes in (V,Al)2Cx c lattice parameter were 
determined based on the position of the (000l) peaks and are listed in Table 3.1-1. The 
relative to the as deposited film calculated changes in c lattice parameter were -0.65% 
and -3.45% for the annealing temperatures of 550°C and 750°C, respectively. For 
comparison, the c lattice parameter of V2AlC formed here during annealing is with 
0.30% larger and 0.38% smaller than previously reported theoretical and experimental 
data [9], respectively. However, the here during annealing formed V2AlC exhibits a 
4.13% smaller c lattice parameter than the value of 3×c of the as deposited (V,Al)2Cx.
Hence, we observe significant shrinkage in c lattice parameter of (V,Al)2Cx during 
annealing.
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Table 3.1-1. Measured c lattice parameter change with increased annealing temperature.
Experimental results
T [°C] Phases 2? [°] c [%]
500 (as deposited)
Disordered (V,Al)2Cx
solid solution
39.39 0
550 (annealed) 39.66 -0.65
650 (annealed) 40.15 -1.82
750 (annealed) 40.86 -3.45
850 (annealed) V2AlC MAX phase 41.16 -4.13
Ab initio calculations were carried out to evaluate the effect of compositional variations 
on the equilibrium volume and hence, lattice parameters. The following scenarios were 
addressed: both changes in composition on the metal sublattice and on the non-metal 
sublattice were investigated, the former by combination of a 2×2×6 SQS hexagonal 
close-packed supercell containing 34 (30) V and 14 (18) Al atoms with 16 random 
distributed  carbon atoms and 32 vacancies as described in section 1, the latter by 
combination of the metal sublattice with 32 V atoms and 16 Al atoms as described in 
section 1 of the results with a non-metal sublattice with 14 (18) carbon atoms and 34 
(30) vacancies randomly distributed as specified above. The chemical composition of 

		 
	  	
				

	
calculated values for (V,Al)2Cx described in section 1 are given in Table 3.1-2. It can be 
seen that increasing V to 53.1 at-% at the expense of Al results in a change in c lattice 
parameter of -0.26%, which is much smaller than the change of -3.45% observed after 
annealing at 750°C. Similar argument may be done for all the other chemical changes 
investigated, e.g. increasing Al to 28.1% or C to 27.3%, or decreasing C to 22.6% 
leading to a change in c lattice parameter of 0.51%, 0.00% and -0.71%, respectively. 
Hence, the change in lattice parameter c observed experimentally can not be explained 
by change in chemical composition. 
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Table 3.1-2. Ab initio calculations of the lattice parameters of disordered (V,Al)2Cx solid solution with 
varied chemical compositions and ordered V2AlC MAX phase. 
Ab initio calculation
Disordered (V,Al)2Cx solid solution Ordered
MAX phase
V32Al16C16 V34Al14C16 V30Al18C16 V32Al16C14 V32Al16C18 V2AlC
V [%] 50 53.1 46.9 51.6 48.5 50
Al [%] 25 21.9 28.1 25.8 24.2 25
C [%] 25 25 25 22.6 27.3 25
	 0 -0.08 0.13 -0.53 0.69 2.39

 0 -0.26 0.51 -0.71 0.00 -4.99
Interestingly, from a crystal structure point of view, it is evident that the V2AlC supercell 
(Fig. 3.1-9(b)) can be constructed from three ordered (V,Al)2Cx super cells (Fig. 3.1-
9(a)), where ordering on the metal sublattice leads to metal layers with a stacking 
sequence V-V-Al-V-V-Al and ordering on the non-metal sublattice with layers of carbon 
and vacancies in a stacking sequence C-vac-vac-C-vac-vac results in the formation of 
V2AlC with a stacking sequence of V-C-V-Al-V-C-V-Al. 
To test whether atomic ordering leads to a change in lattice parameters, two partially 
ordered configurations were investigated by ab initio calculations and compared to the 
disordered solid solutions: one where the metal sublattice was ordered with a stacking 
sequence V-V-Al-V-V-Al combined with the disordered non-metal sublattice used in 
section 1 of the results; another where the disordered metal sublattice configuration from 
section 1 of the results was combined with ordered non-metal sublattice with a stacking 
sequence C-vac-vac-C-vac-vac. The calculated lattice parameters are listed in Table 
3.1-3. The c lattice parameter decreases by 1.95% and 2.75% due to ordering on the 
metal sublattice and the non-metal sublattice, respectively. Therefore, ordering on either 
metal or non-metal sublattices or a combination thereof could be responsible for the 
change in lattice parameter observed experimentally, where complete ordering of 
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(V,Al)2Cx would lead to the formation of V2AlC. V2AlC may in addition to nucleation and 
growth also be formed by ordering. While we do not observe conclusive evidence for 
V2AlC formation by complete ordering, we do present evidence for temperature induced 
ordering of as deposited (V,Al)2Cx by XRD and ab initio data. TEM investigation was 
carried out on 650°C-annealed sample, where the formation of V2AlC was observed by 
XRD, see Fig. 3.1-3. A bright-field image of the film cross section is shown in Fig. 3.1-
10, where two regions can be distinguished: Zone A, close to the interface with a 
thickness of 300-500 nm as well as Zone B, the remaining thin film. The SAED patterns 
of Zone A shown in Fig. 3.1-11(a) indicates more randomly orientated (V,Al)2Cx and
V2AlC. HRTEM combined with FFT measured at tens of nanometers above the interface 
within Zone A was performed to understand this growth behaviour. Two regions were 
marked with arrows in Fig. 3.1-12(a). Fig. 3.1-12(b) reveals the FFT of the left marked 
region in Fig. 3.1-12(a). Result indicates that FFT could not provide direct evidence for 
V2AlC growth in this region, which is due to a lot of noise information. However, the 
morphology appears to match quite well with 211-MAX phase [10]. The FFT of the right 
marked region, not shown here, appears to be similar to Fig. 3.1-7(b), while the 
morphology is significantly different from MAX phase. Although the FFT of the 
investigated region with much noise information appears not completely same as Fig. 
3.1-6(b), the growth of (V,Al)2Cx here is speculated. With these phase speculations, the 
basal planes of both V2AlC and (V,Al)2Cx at the investigated regions in Fig. 3.1-12(a) 
are parallel to the substrate surface Al2O3 )0211( (Fig. 3.1-12(c)). In addition, local 
epitaxy was observed at the interface, where substrate contacts with both V2AlC and 
(V,Al)2Cx. It is also seen in Fig. 3.1-12(a) that film grows in different orientations at 
>5 nm above the interface.  This could be understood as the growth accommodation of 
the film due to substrate-film lattice mismatch. In addition, impurities such as residual 
oxygen, and/or water [4] in the industrial deposition chamber may also be relevant. 
Hence, the presence of low intensity V2AlC (110), (109) and (116) peaks in Fig. 3.1-3
may be a consequence of random nucleation and growth of V2AlC in this region. Zone B 
with a thickness of approximately 2.5 @  
		
 {  
columnar and transverse indicated by arrows (1) and (2) in Fig. 3.1-10, respectively. The 
bright-field image as well as the SAED pattern of the two combined morphologies in 
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Zone B shown in Fig. 3.1-11(b) indicate the presence of (V,Al)2Cx and V2AlC. The 
(V,Al)2Cx pattern is very similar to the pattern observed for the as deposited film, shown 
in Fig. 3.1-6. Laterally grown grains intersect several (V,Al)2Cx columnar grains and 
grain boundaries and correspond to V2AlC. This is consistent with the layered 
morphology observed by FESEM shown in Fig. 3.1-8(d-e). The characteristic orientation
relationship between the two phases in Zone B is determined as 
(V,Al)2Cx(0002)//V2AlC(0006) from four randomly chosen regions. The in-plane 
orientation between the two phases based on Fig. 3.1-11(b) is indexed to be (V,Al)2Cx
]0211[ //V2AlC ]0011[ indicating a 30° rotation of these two phases along the in-plane 
orientation. This indicates that V2AlC is formed by nucleation and growth. Whether or 
not complete ordering results in V2AlC formation is unclear at this point, however 
evidence for temperature induced ordering was presented.
Figure 3.1-9 (a) Disordered (V, Al)2Cx, (b) ordered V2AlC MAX phase.
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Table 3.1-3. Ab initio calculations of the lattice parameters of disordered, ordered metal sublattice, 
ordered non-metal sublattice (V,Al)2Cx solid solutions, as well as ordered V2AlC MAX phase.
Ab initio calculation
V32Al16C16
disordered V, Al
disordered C, vac
V32Al16C16
ordered V, Al
disordered C, 
vac
V32Al16C16
disordered V, Al
ordered C, vac
Ordered
MAX phase
a [Å] 2.848 2.882 2.896 2.916
c [Å] 13.82 13.55 13.44 13.13
	 0 1.19 1.69 2.39

 0 -1.95 -2.75 -4.99
Figure 3.1-10 Bright-field image of 650°C-annealed film. 
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Figure 3.1-11 Bright-field images and composite SAED patterns of Zone A (a) and Zone B (b).
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Figure 3.1-12 (a) HRTEM at the interface, (b) FFT of the marked V2AlC region close to the interface, and 
(c) FFT of the substrate.
3.2. Growth of V-Al-C thin films by DC and high power impulse magnetron 
sputtering using a powder metallurgical composite target
3.2.1. Film composition
3.2.1.1. Effect of pressure and target-substrate distance in DC 
MAX phase grows with a compositional threshold, e.g. Cr2AlC growth at 800°C with 
Cr/C ratio between 1.72 and 1.93 and Cr/Al ratio between 1.42 and 2.03 [11]. However, 
the film composition by sputtering from compound or powder metallurgical composite 
targets is expected to deviate from the target composition, especially when the target 
contains elements with large mass differences. This is attributed to the unique angular 
distribution and gas scattering behaviour of the sputtered target constituents caused by 
mass induced changes on energy transfer function between the target constituents and 
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the employed sputtering gas [12]. Therefore, the film composition is studied as a 
function of the pressure distance product. The results (Fig. 3.2-1) indicate that the V/C 
concentration ratio increases from 1.1 to 1.9 (with one data point reaching a value of 
;$'" 	  !  
	    ' 	 mm. The Al atomic concentration 
decreases from 35 to 28 at-   	 ! 	 
  ^\ 	
between 1.00 and 1.80. As we seek to investigate the structure evolution we select a 
pressure distance product that results in the formation of close to stoichiometric films. As 
films deposited at 188 Pa mm delaminate from the substrate, probably due to ion 
bombardment induced stress generation, we select a pressure distance product of 
348 Pa mm for all future investigations unless otherwise stated.
Figure 3.2-1 Al atomic concentration and V/C atomic concentration ratio as a function of p·d product. 
The depositions are carried out on Si(100) without substrate heating.
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3.2.1.2. Effect of substrate bias potential during HIPIMS
The effect of ion energy on the film composition is studied as a function of negative 
substrate bias potential, by which positive ions are accelerated and bombard the film 
surface during growth. The p!d product is selected as 348 	!	
Si(100) are close to V2AlC composition (Chapter 3.2.1.1). Thin films were grown on 
Al2O3 )0211( at 500°C by HIPIMS at duty cycle of 5%. The result is shown in Fig. 3.2-2. 
As the absolute value of the substrate bias potential is increased from 0 to -110 V, the Al 
concentration decreases from 22 to 4 at-%, while the V/C ratio while the V/C ratio shows 
a maximum deviation of 21% to the stoichiometric ratio. This may indicate preferential 
etching of Al upon energetic ion bombardment which is consistent with the weaker V-Al 
bond (1.09 eV) compared to V-C bond (2.77 eV) [13]. Nano-crystalline V2AlC MAX 
phase is detected in films grown with electrically grounded and floating substrate with an 
approximately -12.5 V as well as with a substrate bias potential of and -15V, 
corresponding to an absolute deviation in V/Al of up to 14.5% and in V/C of up to 15.5% 
from stoichiometric V2AlC. Based on the small ion bombardment induced deviation from 
the stoichiometric composition while sputtering from a compound target we continue to 
explore the effect of the duty cycle on the structure evolution with floating substrate bias 
potential.
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Figure 3.2-2 Al concentration and V/C concentration ratio as a function of substrate bias potential during 
HIPIMS. Depositions are carried out on Al2O3 )0211( at 500°C with pulse-on time ton=25 μs, 
corresponding to a duty cycle of 5%. The p·d product is 348 Pa mm. Dashed line indicates the V/C ratio of 
stoichiometric V2AlC.
3.2.1.3. Effect of duty cycle during HIPIMS
The effect of duty cycle in HIPIMS on the film composition is studied. Films are grown on 
Al2O3 )0211( at 500°C with 	{				!
' Pa mm. 
The composition data given in Fig. 3.2-3 indicate that the Al concentration is not 
dependent on the duty cycle in the range studied here. The Al concentration lies within 
the range of 24 to 25 at-%, while the V/Al ratio varies between 1.80 and 1.95. Films 
deposited within a duty cycle range from 3 to 20% exhibit a V/C ratio deviation of 2 to 
8% from stoichiometric V2AlC. It is known that MAX phases synthesised by vapour 
phase condensation exhibit a homogeneity range. For example Mertens et al. reported 
the synthesis of phase pure Cr2AlC MAX phase for Cr/C ratios ranging from 1.72 to 
1.93, while the formation of Cr2AlC MAX phase in a phase mixture was reported for Cr/C 
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ratios ranging from 1.72 to 3.48 [14]. These results indicate that MAX phases in phase 
mixtures can be formed at compositions relatively far from the stoichiometric ratios.
Figure 3.2-3 Al concentration and V/C concentration ratio as a function of duty cycle. 100% represents a 
DC deposition. Depositions are performed on Al2O3 )0211( at 500°C.
3.2.2. Film growth
For the discussion of the phase formation data the above described HIPIMS growth 
experiments on Al2O3 )0211( at floating substrate bias potential and at p·d product of 
348 Pa mm are complemented with a DC sputtered film serving as reference for 100% 
duty cycle. The film structure is analysed by X-ray diffraction. The phase formation 
depending on the duty cycle is depicted in Fig. 3.2-4(a). All films exhibit a dominant 
hexagonal (V,Al)2Cx structure [15] as well as traces of cubic (V,Al)Cx. The formation of 
nano-crystalline V2AlC MAX phase is indentified by the (002) diffraction line at 2
 of 
approximately 13°, clearly visible in Fig. 3.2-4(b). This diffraction signal is not prone to 
overlap with diffraction lines of other phases. The formation of nano-crystalline V2AlC is 
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exclusively detected in the films deposited with duty cycles of 3, 5, and 10%. To crudely 
estimate the phase fraction of MAX phase formed, we ratio the diffracted intensity of the 
(0002) MAX phase line to the total diffracted intensity. The estimated MAX phase 
fraction ranges from 9 to 13%. Interestingly, although the film grown at duty cycle of 
20% is very similar in composition to the films grown with 3 to 5% duty cycle, no MAX 
phase is detected. The V2AlC MAX phase formation at relatively low synthesis 
temperature of 500°C may be attributed to the ion bombardment induced enhanced 
adatom mobility during film growth. To identify the cause for the here reported MAX 
phase formation we investigate the plasma composition and energy.
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Figure 3.2-4 (a) X-ray diffraction (XRD) patterns of V-Al-C films deposited at 500°C by DC sputtering and 
HIPIMS. Floating substrate potential was used. (b) XRD patterns from (a) multiplied by a factor of 15.
HIPIMS plasmas are well known for their high ionization fraction of the sputtered species 
[16]. Therefore, the ion energy distribution functions (IEDFs) of the dominant Ar+ as well 
as film-forming V+, Al+, and C+ in DC and HIPIMS, were measured. In Fig. 3.2-5, a 
comparison of the IEDFs of Ar+, V+, Al+, and C+ measured in DC and HIPIMS with a duty 
cycle of 1.4% is presented. All IEDFs during DC sputtering (red) exhibit peaks with 
energies below 10 eV/e, which indicate collisions during transport. In contrast, the IEDFs 
of ions (blue) detected during HIPIMS exhibit an energetic tail, in addition to the 
dominant low energy peak. The energetic tails with energies from 15 eV/e up to 
400 eV/e (not shown here) constitute up to 10% of the ion flux. The energetic tail may 
originate from the plasma potential modulation and subsequent acceleration of an ion 
over the modulated sheath potential. As expected, the IEDFs of C+ measured in both 
DC and HIPIMS do not differ significantly from each other, as the ionization energy of C 
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is with 11.26 eV, a factor of 1.7 and 1.9 times higher than for V and Al, respectively. 
Hence, C is present mainly as neutrals in the plasma.
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Figure 3.2-5 Ion energy distribution functions (IEDF) of (a) Ar+, (b) V+, (c) Al+ and (d) C+ in DC magnetron 
sputtering and HIPIMS plasma with 1.4% duty cycle.
Synthesis of high temperature phases at low deposition temperatures is often attributed 
to ion bombardment induced enhancement of adatom surface mobility. It is reasonable 
to assume that a grown film is exposed to larger energy flux during HIPIMS compared to 
conventional DC magnetron sputtering due to larger ion energies and densities and, 
therefore, fluxes towards the film, in HIPIMS plasmas. This in turn may lead to stronger 
enhancement of adatom surface mobility in HIPIMS plasmas. In order to quantify the 
energy fluxes during growth of V-Al-C thin films, the energy fluxes related to the 
dominant Ar+ and Ar2+ as well as the major target-based V+, Al+, and C+ ions were 
calculated as
dE))E(IEDFE(fluxEnergy                                                                        (3.2-1)
- 54 -
where the IEDF is the ion energy distribution function and E is the ion energy, shown in 
Fig. 3.2-6. Results indicate that the energy flux carried by Ar+ and Ar2+ ions represent 66-
84% of the total energy flux pointing out their dominant role for adatom surface mobility 
enhancement. Despite the close to stoichiometric V2AlC composition of the film grown at 
a duty cycle of 20% and larger energy flux towards the film compared to DC, no V2AlC 
MAX phase is grown. It may be speculated that the energy flux with a 20% duty cycle is 
not sufficient to form V2AlC MAX phase. The reduction of the duty cycle to 10, 5, and 
3% influences the film composition only marginally as close to stoichiometric V2AlC are 
still grown. Moreover, the energy fluxes towards the grown films are increased, within a 
factor of 5.7-12.2 compared to DC, and by a factor of 1.3 to 2.8 compared to the 20% 
duty cycle case. It is reasonable to assume that the larger adatom mobility induced by 
larger energy fluxes towards the growing film surface has triggered the formation of 
V2AlC MAX phase. However, further reduction of the duty cycle to 1.4% does not enable 
MAX phase formation. It may be speculated that this is due to the large deviation of the 
film composition from stoichiometric V2AlC. The V/C ratio of the 1.4% duty cycle film is 
1.4 which corresponds to a 30% deviation from stoichiometry. However, as synthesis of 
V2AlC in a phase mixture was reported for growth by DC magnetron sputtering at 850°C 
with a minimum V/C ratio of 1.34 [13,17], we suggest that the energy flux is the 
dominating parameter defining the MAX phase formation in the current study for duty
cycle values >1.4%. At this point it is unclear why MAX phase formation does not occur 
at a duty cycle of 1.4%.
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Figure 3.2-6 Energy flux towards the grown thin films as a function of the duty cycle.
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The energy flux towards the growing film surface also affects the film morphology. It is 
evident in Fig. 3.2-7 that the films grown with <10% duty cycle [Fig. 3.2-7(d) and 3.2-7(f)] 
exhibit a more dense morphology as compared to the DC case.
Figure 3.2-7 Cross sectional morphologies of as deposited film by DC (a) and HIPIMS with a duty cycle of 
20% (b), 10% (c), 5% (d), 3% (e), and 1.4% (f).
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II. Infiltration of open porous cellular 	
-Al2O3 coatings
1. Introduction
Open porous metals and alloys are of increasing interest, as they combine structural 
and functional properties [1]. They are employed as filters, heat exchangers and catalyst 
supports [2-5]. Of special interest is open porous cellular iron. Open porous cellular iron 
exhibits a large surface area with low density, high melting point, high stiffness [6,7], 
good thermal conductivity [8]. However, a significant limitation of the cellular iron in the 
aforementioned applications is its low oxidation resistance at room and elevated 
temperatures, which may be overcome by employing corrosion resistant alloy grades as 
matrix material [9], which may however result in a decreased bending strength of the 
cellular material. Another way to enhance the oxidation resistance of the porous cellular
iron is to protect the iron surface by a chemically stable ceramic coating, 
 	 -
Al2O3.
Fiedler et al. [10] has investigated the effective thermal conductivity of paraffin heat 
sinks reinforced by cellular copper. Simulation results indicate that a CVI-diamond 
coating on the cellular matrix significantly increases the effective thermal conductivity of 
the composites [10].
In the present work, the influence of the infiltration temperature on the homogeneity of 
	-Al2O3 coating, obtained by chemical vapour infiltration, is investigated. The in-line 
production compatibility of the annealing process and the subsequent infiltration of the 
green cellular iron by TiN is investigated. From an industrial viewpoint, the in-line 
production option may increase processing efficiency and save cost. Additionally, the 
permeability of the as received and the infiltrated cellular iron samples are measured 
and the oxidation resistance of the infiltrated cellular iron at 600°C is investigated. 
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2. Theory
2.1. Chemical vapour deposition/infiltration
Chemical vapour infiltration (CVI) is a deposition technique, derived from chemical 
vapour deposition (CVD), in which a solid obtained by chemical reactions between 
gaseous reactants, is deposited onto surfaces of a porous substrate [1]. It is this 
gaseous state of the precursors which distinguishes CVD from physical vapour 
deposition (PVD).
2.2. Oxidation
Oxidation is the interaction between oxygen molecules and oxygen containing 
molecules and the substances they are in contact with [2]. In contact with metals,
electrons are transferred from the metal to oxygen which can be described as follows.
n2
2n
2
n
OMnOM2
nOne2nO
ne2M2M2



	
		
	
During oxidation, diffusion of oxygen through the already formed oxide scale towards the 
metal, metal out-diffusion, or diffusion in both directions may take place. Using Thermo 
Gravimetric Analysis (TGA) the weight gain is recorded as a function of time. Depending 
on which diffusion mechanism(s) is (are) active, the oxidation kinetics may be described 
as 1) linear, 2) parabolic or 3) logarithmic [2]. 
1) The linear law describes an oxidation process, where the reaction rate is 
independent of time but controlled by a surface-reaction step or by diffusion 
through the gas phase [2]. 
2) The parabolic law describes diffusion through the scale is the rate-determining 
process, whereby the rate is inversely proportional to the square root of time [2].
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3) The logarithmic law is observed for the formation of very thin films of oxide, e.g.
2-4 nm, and is generally observed at low temperatures [2].
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3. Experiment
3.1. Synthesis of open-porous cellular iron
Open porous cellular iron structures are synthesized by Slip Reaction Foam Sintering 
process (SRFS) [1]. In this process, metallic powders react with phosphoric acid and 
forms metalphosphates and hydrogen. Hydrogen bubbles are frozen in the 
metalphosphate slip forming a closed-pore structure. As the solvent evaporates an 
open-cell porous structure forms. After drying, the samples are sintered in H2 at 1200 °C 
for 1.5 h, resulting in the formation of open porous cellular iron which is subsequently 
called cellular iron for short.
3.2. Chemical vapour infiltration of -Al2O3
Chemical vapour infiltration of TiN and Al2O3 into open porous cellular iron was carried 
out in a CVI system, as schematically shown in Fig. 3.2-1. The reaction was conducted 
in a vertical hot-wall mullite (3Al2O3·2SiO2) reactor tube [Fig. 3.2-1(b)] with 47 mm
internal diameter and 450 mm homogeneous heating zone evacuated by a rotary pump 
[Fig. 3.2-1(m)]. The reaction gases and precursors were pre-heated in a mixing chamber 
[Fig. 3-2-1(d)] to approximately 200°C before introduction into the reactor. The samples 
were deposited at two positions: at 20 mm (C1) and at 370 mm (C2) in the reactor 
heating zone measured along the gas flow direction. In the following text, these 
positions will be referred to as 20 mm and 370 mm sample positions.
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Figure 3.2-1 Chemical Vapour Infiltration (CVI) system: (a)- Furnace; (b)- reaction tube; (c)- sample; (d)-
mixing chamber; (e)- TiCl4 generator; (f)- AlCl3 generator; (g)- HCl gas source; (h)- cooling trap; (i)- liquid 
nitrogen level sensor; (j)- pressure gauge; (k)- filter; (l)- valve; (m)- rotary pump; (n)- mass flow controller 
(MFC); (o)- valve. C1 and C2 represent sample positions of 20 mm and 370 mm along the flow direction.
Cylindrical cellular iron samples (Fig. 3.2-2) with a diameter of 15 mm and a height of 
10 mm were infiltrated. 
Figure 3.2-2 Schematic drawing of a cellular iron sample with a diameter of 15 mm and a height of 10 mm.
With the process gases employed here: AlCl3, CO2, H2 and Ar, the cellular iron could 
{ 	-Al2O3. The infiltration was enabled by TiN interlayer deposited 
by CVD. TiN is obtained with the TiCl4/H2/N2 gas reaction as follows [4]: 
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)(8)(2)()(4)(2 224 gHClsTiNgNgHgTiCl                                                        (3.2-1)
-Al2O3 is the reaction product of the hydrolysis of AlCl3 and the water gas shift reaction 
[11].
)g(CO3)g(HCl6)s(OAlH3)g(CO3)g(AlCl2 32223                            (3.2-2)
The precursors TiCl4 and AlCl3 were obtained from the vaporization of liquid TiCl4
[purity >99%, Fig. 3.2-1(e)] at 87°C and the chlorination of high purity aluminium 
granulates [Fig. 3.2-1(f)] by HCl above 300°C, respectively. In Table 3.2-1 and Table 
3.2-;	-Al2O3 infiltration parameters are displayed. TiN was infiltrated at a 
temperature of 900°C, with a pressure of 50±1 mbar and a total flow rate of 29.1±0.7 l·h-
1 for 3 hours (Table 3.2-"$ -Al2O3 infiltration was initiated after 3 hours of TiN 
infiltration. The infiltration temperatures were 950-1100°C. The effect of infiltration 
	-Al2O3 coating thickness and on the activation 
energy was investigated. The total pressure of 50±2 mbar and the total flow rate of 
29.7±1.0 l·h-1 were kept constant. Unreacted precursors and reaction products were 
condensed in a stainless steel cold trap [Fig. 3.2-1(i)]. Constant pressure in the reactor 
was achieved by using a pressure controller [Fig. 3.2-1(j)-(m)].
Table 3.2-1 Infiltration parameter of TiN.
Reaction 
Gases
Total Pressure 
[mbar]
Partial 
Pressure 
[mbar]
Total Flow Rate
[l·h-1]
Infiltration
Temperature
[°C]
Infiltration 
Time [h]
H2
50±1
39.5±0.9
29.1±0.7 900 3N2 9.9±0.3
TiCl4 0.65±0.02
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Table 3.2-2 Infiltration parameter of Al2O3.
Reaction 
Gases
Total Pressure 
[mbar]
Partial 
Pressure 
[mbar]
Total Flow Rate
[l·h-1]
Infiltration 
Temperature [°C]
Infiltration 
Time [h]
Ar
50±2
11.8±0.7
29.7±1.0
950
3
CO2 6.3±0.2 1000
H2 31.2±0.8 1050
AlCl3 0.66±0.02 1100
In-line processing integrating the annealing treatment of the green cellular iron and the 
infiltration with TiN was carried out in this CVI system. A green cellular iron sample was 
annealed in a reactor [Fig. 3.2-1(a)] at a temperature of 1200°C with a heating rate of 
'*>!-1 in H2 for 2.5 h. Infiltration of the cellular iron was initiated after the annealing 
process.
The 	{   -Al2O3-infiltrated cellular iron was studied by measuring the 
flow rate through the sample against a constant input pressure of 1 bar as indicated in 
Fig. 3.2-3. The iron samples used for permeability measurement were infiltrated at a 
temperature of 1050°C for 3 h, 5 h, and 24 h at a sample position of 20 mm.
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Figure 3.2-3 Set-up for permeability of the cellular iron with 1 bar air as the input gas.
3.3. Oxidation by thermo gravimetric analysis
The thermo gravimetrical analysis (TGA) of infiltrated and uninfiltrated cellular iron 
samples was conducted in air in a vertical hot wall reactor. The samples were 
suspended in an alumina reaction tube with a Pt wire. The weight gain was measured 
with a Thermo Cahn D 101 balance with a resolution of ±10 g. The weight gain was 
recorded with a computer with a sampling rate of 20 s-1.
The samples were oxidized at 600-900°C, respectively. Due to the unknown specific 
surface areas and different original mass of each cellular iron sample, the TGA data 
were normalized with respect to the mass of the cellular iron sample prior to infiltration. 
The relative weight gain data are calculated by dividing the normalized weight gain by 
the weight gain that would be obtained if the cellular iron sample would be oxidized 
entirely. Parabolic rate constants, kp, with the unit here s-1, are calculated. By comparing 
these rate constants a relative measure of the oxidation resistance can be obtained for 
the different samples. 
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3.4. Thermo cycling
A sample infiltrated for 24 h was used to investigate the thermal fatigue behaviour from 
room temperature up to 600°C in air. 50 thermal cycles were carried out heating the 
sample in the 600°C hot furnace for 60 s and then cooling the sample for 60 s in 
ambient air. The sample temperature during the thermal cycling could not be measured 
with the present experimental setup.
3.5. Characterization 
The structure was evaluated with a Siemens D 5000 X-ray Diffractometer (XRD). An 
incidence angle of 10° with respect to the outer surface (see Fig. 3.2-2) of the sample 
and a step size of 0.05° were used. The relative deposition rate of infiltrated sample is 
obtained by dividing the mass gain after deposition with the original mass of the as 
received cellular iron. The morphology of the sample was examined with a JEOL JSM-
6480 scanning electron microscope (SEM). Cross sections of oxidized samples were 
prepared by grinding and polishing samples mounted in epoxy resin. The chemical 
composition was measured by energy dispersive X-ray spectroscopy (EDX) with a 
Genesis 2000 detector from EDAX. 
A measure of the thickness homogeneity of infiltrated film was obtained by comparing 
the Al2O3 film thickness at the cellular iron periphery with the thickness measured at the 
center of the cross section (see Fig. 3.2-2). The standard deviation of no less than 40 
individual thickness measurements constitutes the error bars. 
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4. Results and Discussion
4.1. 	



	
	
-Al2O3 coatings
A back scattered electron image of the green cellular iron and the as annealed cellular 
iron surfaces are displayed in Fig. 4.1-1(a) and (b), respectively. It is shown in Fig. 4.1-
1(b) that in addition to Fe, the presence of the segregated contaminates from the 
unreacted green cellular iron can be observed. The contaminants identified by EDX 
include P1 at-%, O1 at-%, C4 at-%, Al0.3 at-%, Mg0.2 at-%, Ca0.2 at-%, and 
Si0.2 at-%.
Figure 4.1-1 Back scattered electron image of (a)- green cellular iron sample and (b)- as annealed cellular 
iron surface.
The diffractograms obtained from the outer surface of samples infiltrated at 950-1100°C 
with -Al2O3 are shown in Fig. 4.1-2. -Al2O3, TiN, and as well as Fe related peaks are 
detected in the whole temperature range. No transitional alumina phases are observed. 
The -Al2O3 peak intensity increases with increasing temperature, indicating a larger 
thickness due to an increased deposition rate. Additionally, the presence of Fe2O3, TiO 
and TiO2 at 1100°C can be observed. The formation of these oxides may be due to the 
chemical reaction between H2O and/or CO2 with TiN and Fe. 
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Figure 4.1-2 XRD result on the sample outer surfaces with different CVI temperatures. Sample position 
was 20 mm and the infiltration time was 3 h. (a)- 950°C; (b)- 1000°C; (c)- 1050°C; (d)- 1100°C.
Fig. 4.1-3 displays the surface morphology at the outer surface and the center of the 
cross section (Fig. 3.2-2) at different infiltration temperatures. In Fig. 4.1-3(a)-(d) the 
micrographs show two distinct morphologies at the outer surfaces: poorly coalesced and 
fine surface features at 950°C [Fig. 4.1-3(a)], and coarser features above 1000°C (Fig. 
4.1-3(b)-(d). The micrographs from the center of the cross section show finer 
morphological features. Pores and cavities marked with a circle in Fig. 4.1-3(h) are 
observed at 1100°C. The presence of Fe, Ti and O is detected by EDX at the same 
temperature, and the corresponding regions are marked with an arrow in Fig. 4.1-3(h).
These findings are consistent with the previously discussed XRD result [Fig. 4.1-2(d)].
These oxides obtained from the oxidation of Fe and TiN by CO2 and/or H2O extend to 
the surface through pores and cavities in the -Al2O3 coating.
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Figure 4.1-3 Surface morphologies from different infiltration temperatures: (a), (b), (c) and (d)-outer 
surfaces; (e), (f), (g) and (h) cross section centers. The sample infiltration position was 20 mm.
Fig. 4.1-4 displays the -Al2O3 coating thickness at the sample periphery and the cross 
section center for each temperature investigated. The average of the -Al2O3 coating 
thickness at the periphery increases with increasing temperature, from 400 nm to 2 @m; 
at the center of the cross section, however, it increases from 180 nm to 400 nm taking 
into account a scattering range of >50°C. The -Al2O3 coating thickness difference 
between the periphery and the center of the cross section is not significant for 
T1000°C. However, it increases approximately 5 times when T is increased to 1100°C. 
The homogeneity of the -Al2O3 coating thickness through the whole cellular iron is 
large at T***>		
			
e
cross section during the whole deposition process.
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Figure 4.1-4 -Al2O3 coating thickness change at sample peripheries and the centers of the cross 
sections as a function of infiltration temperature. The sample position is 20 mm.
The Arrhenius relationship [1] of the -Al2O3 growth rate versus temperature and the 
activation energy is exhibited in Fig. 4.1-`$ \  
	   	
 "  
shown that the activation energy Q equals 137 KJ/mol. This value is consistent with the 
previously reported activation energy data for the reaction rate controlled deposition of 
-Al2O3 [2-6]. In the here studied temperature range, the deposition rate is dependent 
on temperature and reaction rate controlled.
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Figure 4.1-5 Arrhenius relationship of the growth rate of -Al2O3 at both sample outer surface and the 
center of the cross section vs. infiltration temperature. 
The deposition rate measured at the outer and inner surfaces do not differ significantly 

   {	  ***>$ \ ***>  	 	 
 
measured at the inner surface, indicating the transition from reaction rate controlled to 
the diffusion rate controlled regime. It appears reasonable that the transition 
temperature obtained at the inner surface of the cellular iron is smaller than at the outer 
surface because of precursor depletion.
In-line processing integrating the annealing treatment of the green cellular iron and the 
infiltration with TiN was carried out. The surface morphology of green cellular iron before 
annealing is shown in Fig. 4.1-1(a). After annealing and infiltration, the formation of TiN 
(Fig. 4.1-6) is observed by XRD.
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Figure 4.1-6 The surface morphology of cellular iron sample after in-line processing integrating the 
annealing of green cellular iron and infiltration of TiN at 900°C for 3 h.
Permeability tests revealed that an infiltration of 3 h at 1050°C does not affect 
permeability, while a reduction of 9% was observed for those samples infiltrated for 5 h. 
The permeability is reduced to 50% of the initial permeability in samples infiltrated for 
24 h. Hence, depending on the infiltration time, the permeability can be tailored. 
4.2. 
	
-Al2O3 infiltrated open porous cellular iron
Three different samples were evaluated: the as received cellular iron sample () as well 
as the infiltrated samples with an infiltration time of 3 h () and 24 h (). The squared 
relative weight gain data of the three samples for each annealing temperature in air 
versus time are displayed in Fig. 4.2-1(a)-(d). The corresponding parabolic rate constant 
obtained by the slope of the squared relative weight gain is given next to the linear 
segments in Fig. 4.2-1(a)-(d). At 600°C, four samples were oxidized before infiltration to 
assess the spread of data attributed to variations in specific surface area. This spread 
was 12.5% of the mean value [Fig. 4.2-1(a)].
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Figure 4.2-1 The squared relative weight gain data at (a) 600°C, (b) 700°C, (c) 800°C, and (d) 900°C, 
plotted against time, with the parabolic rate constants given for the corresponding linear segments. The 
sampling rate was 20 s-1. The symbols are provided to identify the evaluated samples: cellular iron before 
() and after 3h () as well as after 24 h () infiltration.
The TGA data at 600 and 700°C of samples before infiltration, initially display a rapid, 
close to linear weight gain up to approximately 20 and 40%, respectively. This is 
followed by a slower, parabolic weight gain. In the parabolic region, at 600°C, the 
parabolic rate constant changes from kp,600°C=(2.9-3.6)x10-6 s-1 to kp,600°C=(1.4-1.8)x10-6
s-1 during the oxidation experiment. It has been reported that the wüstite-magnetite ratio 
effects the oxidation behavior of iron between 570 and 625°C [7]. It is known that 
diffusion through the wüstite layer controls the oxidation rate [8], and hence, the change
in rate constant may be attributed to the change in wüstite-magnetite thickness ratio 
during oxidation. At 700°C a kp,700°C= 3.0x10-5 s-1 is obtained for the uninfiltrated sample 
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after the rapid initial oxidation visible in the squared TGA data (Fig. 4.2-1(b)). At 800 and 
900°C the oxidation can be described by a parabolic rate law with kp,800°C=1.7x10-4 s-1
and kp,900°C=1.0x10-4 s-1. The parabolic rate constants were plotted in an Arrhenius 
diagram (Fig. 4.2-2). The oxidation of the cellular iron samples between 600 and 800°C 
is characterized by an activation energy of 154 kJ/mole. This is in excellent agreement 
with the activation energy of iron diffusion in wüstite reported by Chen et al [9], where 
existing literature data on iron oxidation are used to estimate the average activation 
energy to be 158 kJ/mole. It is also observed from the Arrhenius plot, that the oxidation 
rate at 900°C is lower than at 800°C. 
From the TGA data it is evident that -Al2O3 infiltrated cellular iron (24 h), oxidized at 
600°C, has a 6 orders of magnitude lower kp  value compared to cellular iron before 
infiltration. 
Figure 4.2-2 Arrhenius plot of the parabolic rate constants obtained for cellular iron samples before 
-Al2O3 infiltration. The activation energy for oxidation was 154 kJ/mole, which agrees well with literature 
value for iron diffusion in wüstite [8]. At 900°C (~8.5x10-4 K-1) a decrease in the oxidation rate is observed.
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As the oxidation temperature is increased, the differences in oxidation rate constants 
before and after 24 h of infiltration decrease. At 900°C the parabolic rate constant of 
cellular iron infiltrated for 24 h is approximately 4.3 times lower than before infiltration 
compared to a factor six at 600°C as described earlier. 
The samples infiltrated for 3 h also show an increased oxidation resistance compared to 
the uninfiltrated sample. However, a significant enhancement of the oxidation resistance 
is obtained by increasing the -Al2O3 thickness. The samples that are infiltrated for 24 h
provide efficient oxidation protection at annealing temperature of 600 °C in air. 
In the Arrhenius plot (Fig. 4.2-2) it is seen that the cellular iron oxidized at 900°C has a 
lower oxidation rate than cellular iron samples oxidized at 800°C. On polished cross 
sections of partly oxidized cellular iron samples it is observed that the pore morphology 
is altered during oxidation at 900°C. Already after 90 s the iron particle coarsening is 
observed [Fig. 4.2-3(a)]. This results in a decrease in specific surface area, as well as 
the weight gain being directly proportional to the surface area, which may result in a 
lower kp value. Since the fabrication process of the cellular iron includes annealing at 
1200°C in pure H2 for 1.5 h as well as infiltration at 1050°C for 24h, the morphological 
change discussed here appears to be a consequence of annealing in air. 
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Figure 4.2-3 (a) The iron particles coarsen during oxidation at 900°C already after 90 s, leading to a 
decrease of specific surface area [compare to Fig. 4.2-3(b)], which may be responsible for the lower kp
value at this temperature compared to 800°C. (b) Cellular iron oxidized for 90 s at 600°C shows an 
incomplete oxide coverage of the cellular iron, marked with white arrows which may be responsible for the 
rapid weight gain in the beginning of the oxidation process.
By observing the morphology of a sample annealed at 600°C for 90 s [Fig. 4.2-3(b)] the 
rapid, close to linear weight increase in the beginning of the oxidation at 600 and 700°C 
may be explained. In this region, the oxide coverage of the cellular iron is incomplete. 
Such regions of incomplete coverage are marked with white arrows. When the cellular 
iron is completely covered with oxide, the oxidation is controlled by diffusion through the 
scale and the oxidation rate decreases and turns parabolic as discussed earlier.  
On polished cross sections, it is also observed that the cellular iron is not 
homogeneously oxidized at 900°C [Fig. 4.2-4(a)]. The cellular iron oxidizes from the 
periphery, radially around the center of the sample. At 900°C, a distinct transition zone 
between oxidized and unoxidized iron is visible which moves towards the center during 
oxidation. This transition zone, here called oxidation front [Fig. 4.2-4(a)], may be a result 
of the oxide formation rate exceeding the gas phase diffusion rate of oxygen into the 
pores at this temperature. Hence, the oxygen may be consumed before reaching the 
sample center, leading to oxygen depletion between the front and the sample center. 
Additionally, the transport of oxygen towards the center of the cellular iron may be 
- 81 -
inhibited by the deposition induced size reduction of the surface pores as shown in Fig. 
4.2-4(b).
Figure 4.2-4 (a) A transition of oxidized and not oxidized Fe was observed radially around the sample 
center at an oxidation temperature of 900°C. At this temperature the reaction rate for oxidation of iron may 
be faster than the gas phase diffusion rate of oxygen into the sample pores. (b) The enlarged marked 
region in (a), where voids and cavities under the oxide scale can be seen. 
Partly and fully oxidized samples were characterized by XRD at all temperatures. The 
center as well as the outer surface was measured. Fe2O3 (Hematite) was the main 
oxidation reaction product that was detected after oxidation by X-ray diffraction in 
addition to Fe, TiN and -Al2O3 which are the constituents of the infiltrated samples. 
When the oxidation was interrupted, traces of wüstite and magnetite were detected, 
which is consistent with the previously discussed notion of the oxidation behaviour 
dependence on the wüstite-magnetite ratio. X-ray diffractograms of as received cellular 
iron before and after -Al2O3 infiltration are shown in Fig. 4.2-5. Additionally the 
diffractogram after complete oxidation at 800°C of the infiltrated sample is shown, where 
the sole presence of Fe2O3 is observed. These results are representative for all samples 
oxidized at other temperatures. 
a) b)
- 82 -
Figure 4.2-5 (a) X-ray diffractogram of as received cellular iron, (b) as infiltrated cellular iron, (c) infiltrated 
cellular iron partly oxidized at 800°C and (d) a cellular iron sample oxidized at 800°C which was not 
infiltrated. 
The surface morphology of cellular iron infiltrated with -Al2O3 for 24 h is displayed in 
Fig. 4.2-6(a) and (b). The Al2O3 on the sample periphery consists of several micrometer 
large dense facetted -Al2O3 grains [Fig. 4.2-6(a)] with an -Al2O3 thickness of 
approximately 104 m, which appear to be fully dense within the resolution of the SEM. 
In the center, a rough surface morphology is observed [Fig. 4.2-6(b)]. Here, the Al2O3
- 83 -
contain pores and cavities, see insert in Fig. 4.2-6(b). The coating thickness is 
approximately 21 m. The -Al2O3 thickness of the cellular iron samples infiltrated for 
3 h was approximately 21 m on the 	0.5 m in the center. 
Figure 4.2-6 Cellular iron infiltrated for 24 h: Surface morphology at the sample periphery (a) and center 
(b). The insert shows the film cross section at the sample center. 
Cross sections observed with BSE and surface morphology images of for 3 h -Al2O3
infiltrated samples which were partly oxidized (ca. 15%), show cracks formed at the 
outer surface. Fe2O3 is penetrating through the cracks [Fig. 4.2-7(a)]. After further 
oxidation (ca. 60%) [insert in Fig. 4.2-7(a)] Fe2O3 needles grow from the pores of the 
cellular iron. The polished cross section after ca. 15% [Fig. 4.2-7(b)] shows that the 
pores are filled with Fe2O3. Hence, oxidation takes place on the inside of the cellular 
iron. On polished cross sections it is observed that the -Al2O3 film thickness is 
inhomogenous and hence, a complete surface coverage may not have been obtained. 
This may explain the relatively low oxidation resistance compared to cellular iron 
samples infiltrated for 24 h, where the -Al2O3 thickness is significantly larger.
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Figure 4.2-7 (a) Cracks in the -Al2O3 with Fe2O3 penetrating through the cracks are observed in the 
700°C and 3 h infiltrated cellular iron of a partly oxidized sample (ca. 15%). After further oxidation (ca. 
60%) Fe2O3 whiskers extend from the pores of the sample [insert in Fig. 4.2-7(a)]. (b) On the partly 
oxidized sample (ca. 15%) it is observed that the oxidation mainly takes place on the inner surface of the 
cellular iron. 
Samples infiltrated for 24 h, oxidized at T700°C, contain in the center a significantly 
larger area of the cross section covered with Fe2O3 compared to the sample periphery. 
Hence, oxidation mainly takes place inside the sample (center), where the -Al2O3
thickness is smaller than on the periphery. On a BSE micrograph of the center of the 
samples, Fe2O3 is observed growing through the -Al2O3 [Fig. 4.2-8(a)]. On the cross 
section of the same sample [Fig. 4.2-8(b)] it is observed that the Fe2O3 grows through 
cracks or possibly pores in the -Al2O3 [Fig. 4.2-8(b)], white arrows mark these regions). 
As the iron is oxidized and oxide scale is formed, the -Al2O3 coating may fracture due 
to volume expansion of the iron oxide. This may cause a larger area of the iron to be 
exposed to oxygen and hence an increase in oxidation rate constant. This crack induced 
area increase may explain the sections of the squared TGA data of the infiltrated cellular 
iron samples where the kp values change to a higher value [Fig. 4.2-1(a)-(d)].
The sample infiltrated for 24 h and oxidized at 600°C for 370 000 s [Fig. 4.2-8(c)],
showed little Fe2O3 formation which is consistent with the TGA data presented in Fig.
4.2-1(a) and the notion of efficient oxidation protection as discussed above 
a) b)
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Figure 4.2-8 (a) Cellular iron infiltrated for 24 h and oxidized at 700°C for 100 000 s shows that a large 
fraction of the surface area in the sample center consists of Fe2O3. (b) BSE micrograph of the cross 
section shows that the Fe oxidized through cracks or possibly pores in the -Al2O3. (c) Cellular iron 
infiltrated for 24 h and oxidized for 370 000s at 600°C showed little iron oxidation and no cracking of the 
-Al2O3.
The thermal fatigue induced weight gain of a sample infiltrated for 24 h was investigated 
from room temperature up to 600°C. The result shows that the relative mass gain of the 
cellular iron sample increased by 0.2% after 50 thermal cycles, which equals 1/5 of the 
relative weight gain of cellular iron oxidized in 600°C furnace. 
The surface morphology (Fig. 4.2-9) after thermal cycling is not altered compared to as 
infiltrated sample [Fig. 4.2-6(a)]. No cracks or decohesion of the -Al2O3 coating is 
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observed, suggesting a good thermal fatigue behaviour of the 24 h infiltrated cellular iron 
at this temperature.
Figure 4.2-9 The surface morphology of the 24 h infiltrated iron foam sample after 50 times thermal cycles 
from room temperature up to 600°C.
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III. Summary and future work
V-Al-C thin films were deposited on Al2O3 )0211( substrates at 500°C by DC magnetron 
sputtering using a powder metallurgical composite target with 2:1:1 MAX phase 
stoichiometry composition. TEM and XRD data suggest that a hexagonal Al-containing 
vanadium carbide solid solution was formed with a strong basal plane texture. The 
lattice parameter of the hexagonal solid solution (V,Al)2Cx was dependent on the 
annealing temperature: the c lattice parameter decreased by 3.45% after annealing for 1 
hour at 750°C compared to the as deposited film. Based on ab initio data we suggest 
that this significant lattice shrinkage is a consequence of atomic ordering. Meanwhile, 
the formation of V2AlC was observed at 650°C and phase-pure V2AlC was obtained at 
850°C. TEM images support the notion of V2AlC formation by nucleation and growth. 
V-Al-C thin films were deposited by DC and HIPIMS at 500°C with an average power of 
250 W. The effect of pressure, distance, substrate bias potential as well as duty cycle of 
HIPIMS on the film composition and structure evolution was investigated. The formation 
of nano-crystalline V2AlC MAX phase is observed in a (V,Al)2Cx matrix at 500°C during 
HIPIMS at 3-10% duty cycle. An ion energy flux of >5.7 times of the conventional DC 
magnetron sputtering flux was identified to be prerequisite for V2AlC MAX phase 
formation. The data underline the potential of HIPIMS for the low temperature synthesis 
of the MAX phase V2AlC. It is reasonable to assume that these findings are also 
relevant for other MAX phases.
Hence, with both synthesis approaches studied here, the initial formation of V2AlC MAX 
phase is observed in the presence of the hexagonal solid solution (V,Al)2Cx. Considered 
as a potential high temperature material, MAX phases may be further studied to identify 
the growth mechanism (nucleation and growth versus ordering) and the role of kinetics
for the transition from (V,Al)2Cx to V2AlC. In this context the effect of bombardment by 
ionized film forming species is - based on this work - identified as a promising research 
direction. This could be accomplished by HIPIMS for example by using elemental 
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targets applying constant total powder and varying the power density through changes
in duty cycle.
The influence of deposition temperature on the thickness homogeneity of -Al2O3
coatings during infiltration of cellular 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growth at the outer surface of the cellular iron is within the reaction rate controlled region
with an activation energy of 137 kJ/mol. The deposition rate at the center of the cross 
section appears to be diffusion controlled for T>1000°C as indicated by the considerably 
smaller temperature dependence as compared to the deposition rate measured at the 
outer surface. A homogeneous film thickness distribution was favoured by utilizing low 
infiltration temperatures. In-line processing integrating annealing on green cellular iron 
and TiN infiltration treatment steps in one process was successfully carried out. 
Furthermore, it was shown that the permeability can be tailored with the infiltration time. 
A decrease in permeability by 9% and 50% after 5 h and 24 h infiltration was observed, 
respectively. 
The oxidation resistance of open porous cellular iron infiltrated with -Al2O3 was 
measured by thermo gravimetry at 600, 700, 800, and 900°C. While all -Al2O3
infiltrated samples showed improved oxidation resistance, evidence for excellent 
oxidation resistance was obtained at 600°C. The parabolic rate constant was 6 orders of 
magnitude lower for foams infiltrated for 24 h, than for uninfiltrated foams. The oxidation 
rate for samples with a lower -Al2O3 thickness, obtained by infiltrating for 3 h, exhibited 
an oxidation resistance which was less than one order of magnitude lower than before 
infiltration. The low oxidation resistance after the shorter infiltration time can be 
explained by an insufficient -Al2O3 surface coverage towards the center of the sample. 
Oxidation of coated surfaces can be attributed to several mechanisms: 1) oxidation 
through cracks. Cracks form in the coating due to thermal expansion induced stresses 
between iron and Al2O3. The stresses increase in amount with increasing oxidation 
temperature and may explain the observed decrease in oxidation resistance with 
increasing oxidation temperature. 2) Oxidation through pores. For longer infiltration 
times, the inner surfaces were covered with underdense (porous) Al2O3. As the 
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oxidation proceeds, volume expansion induced cracking of the -Al2O3 coating takes 
place, exposing larger areas of the iron to the oxidizing atmosphere which causes a 
rapid increase of the parabolic rate constant kp. The thermal fatigue data suggest that 
the 24 h infiltrated cellular iron exhibits good resistance to thermal cycling from room 
temperature up to 600°C. 
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